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Abstract 
The author and his colleagues have proposed in their recent works the creep-fatigue life prediction method based 
on the strain range partitioning concept for nonproportionally combined tension and torsion using new inelastic strain 
range parameters and have been studying their applicability to the materials subjected to nonproportional axial-
torsional loading at elevated temperatures. In the present paper are summarized the results of in-phase and 90 deg 
out-of-phase axial-torsional straining tests conducted on thin-walled tubular specimens of SUS304, 316LC and 
2.25Cr-1Mo steels. 
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1. Introduction 
The strain range partitioning method is one of the most accurate procedures for predicting the creep-
fatigue life of the materials subjected to proportional loading [1]. However, the difficulties encountered in 
the treatment of nonproportional loading have not been overcome. The author and his colleagues have 
been doing research to solve such problems of strain range partitioning method by conducting the in-
phase and 90 deg out-of-phase axial-torsional staining creep-fatigue tests, and in their recent works 
proposed to use new inelastic strain range based parameters, called the partitioned effective strain range 
components for non-proportional loading in evaluating the 90deg out-of-phase axial-torsional straining 
PP, PC, CP and CC test lives of SUS304 by strain range partitioning concept [2-6]. And the similar 
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studies have been done on other materials [7-11]. In the present paper are summarized the results obtained 
SUS304, 316LC and 2.25Cr-1Mo steels.  
2. Materials and experiments 
Test materials and their chemical compositions are shown in Table 1. The thin-walled tubular 
specimens with outer diameter 22 mm, wall thickness 1 mm and smooth part length 30 mm were 
machined from heat treated round bars of SUS304 and 316LC steels and from thick walled pipe product 
of 2.25 Cr-1Mo steel. The fully reversed strain controlled in-phase and 90 deg out-of-phase axial-
torsional straining creep-fatigue tests were conducted at elevated temperatures in air. The strain 
waveforms, the combinations of axial and torsional strain range, 'H'J, and the test temperatures 
are shown in Table 2. The strain waveforms of PP, PC, CP and CC are triangular and so called fast-fast, 
fast-slow, slow-fast and slow-slow tests, respectively. The fast strain rates were selected to be fast enough 
for creep deformation not to occur and the slow strain rates to be slow enough for creep deformation to 
occur during tension and compression going processes. 
3. Results of experiments and analysis 
3.1. The results of in-phase and 90 deg out-of-phase straining PP, PC, CP and CC tests 
 Fig.1 shows the effect of 90 deg out-of-phase straining on axial-torsional PP, PC, CP and CC test lives, 
N5, that were determined as the cycle at which the tensile and/or torsional stress exceeds a 5% drop from 
the specified stress level, for SUS304, 316LC and 2.25Cr-1Mo, respectively. 
In case of SUS304 steel, nonproportional loading tends to reduce the creep-fatigue life and the 
maximum reduction in creep-fatigue life is beyond a factor of two in some combinations of 'Hand 'J.  In 
case of 316LC and 2.25Cr-1Mo steels, the same nonproportional loading effects are observed in PC and 
CP test lives as in case of SUS304 steel, whereas the tendency of reduction in PP and CC test lives by 
nonproportional loading is not clearly observed. 
Fig.2 and Fig.3 show the effect of 90 deg out-of-phase straining on the axial stress versus strain (VH)
relationship and the torsional stress versus strain (WJ) relationship, respectively, obtained in axial-
torsional PP tests for SUS304, 316LC and 2.25Cr-1Mo. It was found that axial and torsional inelastic 
strain ranges, 'Hin and 'Jin, tend to be smaller in nonproportional loading than in proportional one not 
only in PP test but also in PC, CP and CC tests.
Table 1. The chemical compositions of the test materials (wt.%) .         
Material C Si Mn P S Ni Cr Mo N 
SUS304 0.06 0.38 1.52 0.028 0.025 8.18 18.62   
316LC 0.016 0.65 1.51 0.032 0.001 17.50 12.30 2.62 0.090 
2.25Cr-1Mo 0.11 0.27 0.46 0.011 0.001  2.13 0.94  
Table 2.  In-phase and 90 deg out-of-phase axial-torsional creep-fatigue test conditions. 
Material Strain waveform Strain range combination, 'H'J Test temperature (K) 
SUS304 PP, PC, CP, CC 0.5/0.7,   0.7/0.5,   0.7/1.0,  1.0/0.3,   1.0/0.5 973, 1023 
316LC PP, PC, CP, CC 0.5/0.7,   0.5/1.0,  0.7/0.5,  0.7/1.0,  1.0/0.3 or 1.0/0.5 1023 
2.25Cr-1Mo PP, PC, CP, CC 0.5/0.7,   0.7/0.5,   0.7/1.0,  1.0/0.3,   1.0/0.5 823 
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Fig.1. The results of in-phase and 90 deg out-of-phase axial-torsional tests. (a)SUS304 (b) 316LC (c) 2.25Cr-1Mo. 
Fig.2. The axial stress versus strain (VH ) relationships observed KP PP test. (a) SUS304 (b) 316LC (c) 2.25Cr-1Mo.
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Fig.3. The torsional stress versus strain (WJ) relationships observed KP PP test. (a) SUS304 (b) 316LC (c) 2.25Cr-1Mo.
3.2. The  proposed life prediction method based on the strain range partitioning concept for  axial-
torsional 90 deg out-of-phase straining test lives 
  The author and his colleagues proposed to use the partitioned effective inelastic strain range 
components, ijH'  given in general form by Equation (1) in evaluating the 90 deg out-of-phase straining 
PP, PC, CP and CC test lives.  
     
                                                                                     (ij=pp, pc, cp, and cc)                                        (1) 
Here, k is the material constant, and 'Hij, and 'Jij are the partitioned axial and torsional inelastic strain 
range components. The subscript pp indicates plastic axial and torsional strain range components and the 
subscript pc, cp and cc stand for the partitioned axial and torsional creep strain range components. 
The MF modified partitioned effective inelastic strain range versus life relationships needed in the life 
evaluation were determined from in-phase axial-torsional tests as Equation (2) and used also for 
nonproportional loading, where MF defined as Equation (3) and ijN are the multiaxiality factor and 
creep-fatigue lives corresponding to ijH' ,respectively, and Aij and mij are the material constants.  
                                                                                        (ij=pp, pc, cp, and cc)                                    (2)
                                                                                                                                                                     (3)  
The values of the material constants, Aij, mij and k determined are summarized in Table 3. 
The values of k were derived from correlation between Brown and Miller’s parameter [12], the 
effective shear strain amplitude, and both in-phase and 90 deg out-of-phase straining PP test lives as 
shown in Fig.4. Brown and Miller’s parameter can be deformed to define k as shown in Equation (4), and 
the value of k can be determined by using the value of S shown in Fig.4 and the average value 
of nH' / maxJ' for in-phase straining PP test data [2]. 
Table 3. The values of ijA , ijm and k for test materials. 
 SUS304 316LC 2.25Cr-1Mo 
ij Aij mij k Aij mij k Aij mij k 
pp 0.0875 0.426 
1.50 
0.048 0.374 
1.21 
0.396 0.662 
1.29 
pc 0.103 0.568 0.152 0.660 0.048 0.559 
cp 0.130 0.690 0.062 0.603 21.6 1.51 
cc 0.0538 0.457 0.062 0.583 3.48 1.26 
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Fig.4. Correlation between the Brown and Miller parameter  versus both in-phase and 90 deg out-of-phase axial-torsional straining
PP test lives.  (a) SUS304 (b) 316LC (c) 2.25Cr-1Mo.
                                                                                                                                                                (4) 
If the inelastic strain ranges,'Hin and 'Jin, obtained from the hysteresis loops of 90 deg out-of-phase 
axial-torsional straining IJ tests are partitioned into 6'Hij and 6'Jij (ij=pp, pc, cp, cc), the partitioned 
effective inelastic strain range components, ,)cccp,,pc,pp(  ' ijijH  can be calculated by using Equation 
(1). After the values of  )cccp,,pc,pp(  ' ijijH  were determined, the corresponding lives, Nij were 
calculated by using Equation (2) and replacing MF =1.  And then, the test lives, Nf, were evaluated by the 
linear damage rule given in Equation (5) adopted in the strain range partitioning method. 
                                                                                                                                                                (5)
4. Life prediction and discussions 
Fig.5 shows the results of life prediction by the proposed method based on the strain range partitioning 
concept. Partitioning of hysteresis loops in 90 deg out-of-phase axial-torsional PC, CP and CC tests was 
conducted using hysteresis loops obtained in 90 deg out-of-phase axial-torsional PP test of the 
corresponding strain range combinations by both rapid loading and superposition method. The results 
shown in Fig.5 are those by rapid loading method for PC and CP and by superposition method for CC. 
Fig.5. Correlation of estimated versus experimental 90 deg out-of-phase straining test life.  (a) SUS304 (b) 316LC (c) 2.25Cr-1Mo.
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Good agreements are observed between estimated and experimental life with an accuracy of a factor of 
2 for three materials tested except one point of 2.25Cr-1Mo CC test data. It was expected that the inelastic 
strain range partitioning with the rapid loading method can be applied to CC as well as PC and CP, but 
too conservative prediction of CC test life was observed only for 316LC. Both the methods adopted here 
are rough and approximate ones, and the future works are needed to improve them. 
5. Conclusions 
The strain waveform and material dependencies of nonproportional loading effects observed in in-
phase and 90 deg out-of-phase axial-torsional loading tests are summarized as follows: 
1) In case of SUS304 steel, nonproportional loading tends to reduce the creep-fatigue life and the 
maximum reduction in life is beyond a factor of two in some strain range combinations. 
2) In case of 316LC and 2.25Cr-1Mo steels, the similar nonproportional loading effects are observed 
in PC and CP test lives, whereas the reduction in PP and CC test lives is not clearly observed. 
3) Axial and torsional inelastic strain ranges tend to be smaller in nonproportional loading than in 
proportional one  independent of strain waveforms,  PP, PC, CP and CC. 
The proposed life prediction method with the partitioned effective inelastic strain range components
was found to be able to evaluate quantitatively the observed nonproportional effects. 
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